Purpose Feeder cells from animals raise considerable concern for contamination because they are directly in contact with embryonic stem cells. Methods To address this issue we collected discarded foreskin tissue and prepared a fibroblast cell line. We transferred one parthenogenetic blastocyst on to these feeder cells, and later observed outgrowth. By this approach, we were able to derive a human parthenogenetic embryonic stem cell line successfully.
Introduction
Human embryonic stem (hES) cells have tremendous potential in regenerative medicine and cell therapy because of their potential for self-renewal and multi-differentiation [1, 2] . Allogeneic ES cells have been found to elicit a vigorous immune response, hence it is important to use ES cells that are matched genetically with the recipient in clinical applications. There are two methods by which such ES cells can be derived: somatic nuclear cell transfer (SCNT) and parthogenesis. The derivation of hES cells by the SCNT method has yet to be reported, whereas the successful derivation of hES cells by parthenogenesis has been reported recently [3] [4] [5] [6] .
In general, parthenogenetic (PG) ES cells are derived from the inner cell mass (ICM) of blastocyst-stage embryos developed from metaphase II (MII) oocytes that have undergone spontaneous activation [4] [5] [6] . Lin et al. suggested an alternative strategy in which human PGES cells were obtained from haploid oocytes after routine in vitro fertilization (IVF) treatment [3] . In spite of differences in Zhenyu Lu, Wanwan Zhu and Yang Yu contributed equally to this work.
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Human PGES cells are still dependent on feeder cells of animal origin to maintain their undifferentiated status, e.g. mouse embryonic fibroblasts (MEFs), which are similar to human and mouse ES cells [7] [8] [9] . Feeder cells are necessary to maintain the self-renewal and growth of hES cells but the molecular factors that the feeder cells provide to the hES cells have not yet been elucidated. Martin et al. demonstrated that certain mouse glycoproteins can be identified on the surface of hES cells that are cultured on MEFs, and such glycoproteins, if maintained on the surface of the cells, could result in a severe immune reaction against any transplanted cells [10] . To resolve this issue, two strategies were suggested: a) a feeder-free culture system and b) the use of human homologous feeder cells. The normal characteristics of hES cells can be maintained using a feeder-free culture system, and successful derivation has been reported using this system [11, 12] , however, this system has not yet been applied widely because of its complexity and associated difficulties. Feeder cells from human tissues, including foreskin fibroblasts [13] and adult Fallopian tube epithelial cells [14] , have been used to derive and culture hES cells, and all of these types of feeder cell can support the prolonged undifferentiated growth of hES cells.
In the study described herein, we investigated whether or not human PGES cells could be derived and established using human foreskin fibroblasts as feeder cells. We describe the establishment and characteristics of human PGES cells. The results obtained should facilitate the further study and application of such cells in research and clinical settings.
Materials and methods

Informed consent
The donated oocytes were collected from the Center for Reproductive Medicine, Tianjin Central Hospital for Obstetrics and Gynecology, which is certified by the Ministry of Health of the People's Republic of China. The egg donor was on an assisted reproductive technique (ART) cycle. No financial benefit was involved in the donation process. The egg donor was clearly informed of all the study details, including the disposition of the embryos and research destination, and they signed detailed informed consent documents voluntarily. We guaranteed that the embryos would only be used for basic scientific research and not for reproductive purposes.
Oocytes collection and embryo culture A total of 22 oocytes were collected from the donor. However, only four oocytes were at the MII stage, the others were still at the MI stage. The matured oocytes underwent the IVF procedure, whereas the immature oocytes were cultured first in medium that contained follicle stimulating hormone (FSH) and human chorionic gonadotrophin (HCG) [15] . On the second day, 14 oocytes had matured in vitro and were fertilized by intracytoplasmic sperm injection (ICSI). The remaining four oocytes continued to be cultured in the maturation medium. After two days, one 8-cell embryo was identified among these oocytes, and was transferred into G2 medium to be cultured for a further three days. The blastocytes were observed at the expanded stage and used for the derivation of ESCs.
Preparation of human foreskin cell line
One piece of foreskin tissue was obtained from a 4-year old child after circumcision and was donated by his parents. The foreskin was washed, minced with scissors, and dissociated to single cells by trypsinization. Then the cells were grown in a culture medium that consisted of 85% Dulbecco's modified Eagle's medium (DMEM; highglucose) supplemented with 15% fetal bovine serum (FBS; GIBCO), 2 mM L-glutamine, 1% MEM nonessential amino acids, and 1% penicillin-streptomycin. The human foreskin fibroblasts (hFFs) were split using 0.25% trypsin-EDTA every 4-6 days. They could be expanded for more than 40 passages using the same split ratio and rate. The foreskin fibroblasts from passages 15-25 were chosen as the feeder cells.
Isolation and culture of human parthenogenetic embryonic stem cells
The ICM of the embryo was isolated by immunosurgery as described previously [16] . After immunosurgery, the trophectoderm was removed using a pipette and the ICM was isolated. The ICM was plated on gelatin-coated tissue culture dishes on a hFF feeder layer that had been treated with 10 μg/ml mitomycin. The culture medium consisted of 80% KnockOut DMEM (GIBCO), 20% KnockOut Serum Replacement (GIBCO), 2 mM L-glutamine, 0.1 mM β-mercaptoethanol, 1% MEM nonessential amino acids, 1% penicillin-streptomycin, and 8 ng/mL of basic fibroblast growth factor (bFGF). After 6-8 days, the ICM clump was removed mechanically with a micropipette from differentiated cell outgrowths and replated onto a fresh hFF feeder layer. The resulting colonies were further propagated mechanically in small clumps of ∼100 ES-like cells on hFF feeder layers approximately every 7 days. After the clumps had been dissociated mechanically for ten passages, they were passaged routinely using 1 mg/mL type IV collagenase every 6 days. All of the parthenogenetic stem cells were cultured at 37°C in a 5% CO 2 incubator.
Embryoid body formation
To form embryoid bodies (EBs), one confluent six-well plate was used. The ES cells were passaged using 1 mg/mL of type IV collagenase, and dispersed further into small clumps using a pipette tip. The clumps were cultured under suspension culture conditions. The medium consisted of 80% KnockOut DMEM, 20% KnockOut Serum Replacement, 2 mM L-glutamine, 0.1 mM β-mercaptoethanol, 1% MEM nonessential amino acids, without bFGF.
Specific markers characterization of human parthenogenetic stem cell line
To assay alkaline phosphatase (AP) activity, hPGES cells on the hFF feeder layer were fixed with 10% formalin, and then the cells were incubated with the AP substrate BCIP/ NBT (Sigma-Aldrich). The resulting precipitate was observed using an inverted microscope.
For immunofluorescence staining, the PGES cells were fixed with 4% paraformaldehyde and incubated with primary antibodies (1:100) overnight at 4°C. The primary antibodies included antibodies against stage-specific embryonic antigen (SSEA)-1, SSEA-3, and SSEA-4 (R&D), in addition to antibodies against TRA-1-60 and TRA-1-81 (BD). TX-conjugated goat anti-mouse and TRITCconjugated goat anti-rat immunoglobulin antibodies were used as secondary antibodies (1:200).
Gene expression analysis by the reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA was extracted using Trizol Reagent (Invitrogen) from undifferentiated PGES cells that had been grown for more than 20 passages on the hFF feeder layer, according to the manufacturer's recommended protocol. cDNA was synthesized from ∼1 mg of total RNA using SuperScript Reverse Transcriptase (Invitrogen) and was subjected to PCR amplification using primers for the OCT4, NANOG, REX1, H19, h-UBE3A, h-SNPRN, and IGF-2 coding sequences. Total RNA was extracted by the same method from day 7 EBs to analyze the expression of specific markers of the three embryonic germ layers, including AFP, HBZ, and NEUOD-1. The hES cell line H9 was used as a control. The PCR primers used are described in Supplement  Table 1 . The PCR products were fractionated by size on a 2% agarose gel and visualized by staining with Ethidium Bromide.
Karyotype analysis Parthenogenetic stem cell division was blocked in mitotic metaphase by incubation with colchicine. The nuclear membrane was disrupted by hypotonic treatment with potassium chloride. Then the cells were fixed with methanol:glacial acetic acid and dropped onto glass slides. The chromosome spreads were stained with Giemsa and photographed. To visualize the chromosomes, standard Gband staining was used. At least 50 metaphase cells were examined from each sample.
Results
Derivation of a new human parthenogenetic stem cell line
The blastocyst developed from an MII oocyte that had undergone spontaneous activation after maturation in vitro (Fig. 1 ). The parthenogenetic blastocyst had a visible ICM and typical fusiform trophoblast cells. The ICM was capable of forming outgrowths and was dissected mechanically after 6-8 days. The PGES cell line was propagated for more than 40 passages on a hFF feeder layer (Supplement Fig. 1 ).
Characterization of the parthenogenetic stem cell line
The hPGES cells had the normal morphological characteristics of hES cells, which include a high nuclear/cytoplasm ratio, formation of tightly-packed colonies, and high levels of AP activity (Fig. 2a) . The hPGES colonies expressed positive cell surface markers that included SSEA-3, SSEA-4, TRA-1-60, and TRA-1-81, but did not express the negative cell surface marker SSEA-1 (Fig. 2b, c, d , e, f), which is similar to the expression pattern of normal hES cells.
The expression of genes related to pluripotency was detected by RT-PCR, and the gene products included OCT4, NANOG, and REX1. The gene expression profile was the same as that of the control hES cell line H9 (Supplement Fig. 2 ).
Differentiation potential in vitro of the parthenogenetic embryonic stem cell line To determine whether the hPGES cells had the potential to differentiate into all three embryonic germ layers in vitro, the cells were differentiated into EBs in vitro under suspension culture conditions (Supplement Fig. 3 ). After spontaneous differentiation for 7 days, RNA was extracted from the EBs and RT-PCR was performed. The results showed that the expression of markers for all three embryonic germ layers could be identified successfully, including NEUOD-1 (ectoderm), HBZ (mesoderm), and AFP (endoderm) (Fig. 3) .
Identification of parthenogenetic origin PGES cells only contain maternally imprinted genes and lack paternally imprinted genes, whereas both types are expressed in normal fertilized embryos. Therefore, analysis of the expression profiles of imprinted genes enables the verification of parthenogenetic embryos. In this study, the expression of imprinted genes was analyzed in both the hPGES line and the control H9 ES cell line. Transcription of the paternally expressed hSNRPN and IGF-2 genes was not detected in the hPGES cell line, whereas transcription of maternally expressed UBE3A and H19 was observed ( Supplement Fig. 4) . All of the above imprinted genes were expressed in the H9 control cells.
Karyotyping of the parthenogenetic embryonic stem cell line
Karyotyping was performed at passage 20. The 46, XX karyotype was consistent with the hPGES cells originating from a female donor (Fig. 4) .
Discussion
Human ES cells have been an ongoing focus since the first successful report by Thomson et al. twelve years ago [7] . They are regarded as a promising resource for regenerative medicine and tissue engineering [17] , given that they can differentiate into somatic cell lineages that include insulinproducing cells [18] , neuronal cells [19] , and myocytes [2] . However, the issue of rejection due to the induction of an immune response has limited the development and application of hES cells [20, 21] . Parthenogenetic ES cells are derived from the ICM of a parthenogenetic blastocyst that has developed from a MII oocyte and they only contain the maternal genome. As a result these cells have the same genetic background as, and are immune compatible with, the egg donor.
In our study, we derived and established a hPGES cell line using an embryo that had arisen due to the spontaneous Fig. 3 RT-PCR analysis of the expression of specific markers of the three embryonic germ layers. The EBs derived from human parthenogenetic embryonic stem cells expressed NEUOD-1 (ectoderm), HBZ (mesoderm), and AFP (endoderm). The EBs from the control hES cell line H9 expressed all three embryonic germ layer markers Fig. 4 Karyotyping of parthenogenetic embryonic stem cells at passage level 20. The line P-TJ had a normal 46, XX karyotype activation of a metaphase II oocyte matured in vitro. Oocyte aging is a potential contribute of the spontaneous parthenogenetic activation of oocytes because the level of Maturation/M-phase promoting factor (MPF) decreases as the oocytes age. High levels of MPF induce the arrest oocytes in the metaphase stage of the cell cycle, including starfish [22] , Xenopus [23] , mammals [24] [25] [26] [27] , and it is inactivated in matured oocytes in response to fertilization [24, 25, 28, 29] or parthenogenetic activation [28, 30, 31] . Therefore, the gradual decrease of MPF activity is a key to resume meiosis capacity of oocytes after fertilization [32] , which is also compatible with the gradual increase in the ability of aging oocytes to undergo spontaneous activation during aging.
It is well known that feeder cells could secrete factors that support the growth of ES cells. however, one of the most popular types of feeder cell, MEFs, is derived from mice, and has the potential for fertility between feeder cells and ES cells [10] . The use of homologous feeder cells is one feasible solution to this problem. Li et al. indicated that homologous somatic cells from monkey could support the growth of monkey ES cells regardless of the tissue from which the feeder cells were derived [33] . In humans, some studies also indicated that cells from the foreskin [13] or adult Fallopian tube epithelium [14] could support the propagation and self-renewal of hES cells. These cells not only support the growth of ES cells, but also enable the formation of ICM outgrowths and the derivation of ES cells with a similar efficiency to mouse feeder cells. At present, human homologous feeder cells have been used widely in the culture of hES cells, but their use has not been described for hPGES cells. In previous studies, the derivation and culture of hPGES cells both have been performed on MEF feeder cells, which limit their potential application in clinical settings [3] [4] [5] . Here we used foreskin fibroblasts as feeder cells, and derived an hPGES cell line successfully. This should facilitate the study of hPGES cells in research and clinical settings.
